distribution of ventilation and gas transfer, despite the fact that, as Hogg et al. (1968) have shown, these airways contribute only about 10-30% of the total resistance of the tracheobronchial tree.
Amongst the factors of particular importance in the measurement of airways resistance is the degree of lung inflation. The relationship between the resistance and volume is approximately hyperbolic for normal lungs and so that between conductance and lung volume can conveniently be considered linear in many circumstances. This was first shown by Briscoe & Dubois (see Mead 1961) . Using retrograde catheter techniques on living open-chested dogs, Macklem (1970) has demonstrated that at lung volumes of 25-50% VC the resistance rises rapidly between the 3 and the 8 mm airway, whereas at the higher lung volumes there is much less change. The volume at which airways resistance measurements are made is therefore of great importance in sequential and comparative studies.
Another factor to be considered is bronchomotor tone. Woolcock et al. (1969) have recently shown that total pulmonary resistance at a given lung volume is higher when that volume is attained by inspiration than by, expiration and that this difference is reduced by atropine. They suggest that the effect of volume history on the airways is dependent on efferent vagal impulses modifying bronchial smooth muscle tone.
Along with the changes due to lung volume, bronchomotor tone and dynamic compression of the airways during expiration, pulmonary resistance in patients, though not in normal subjects, shows some degree of frequency dependence.
Airways resistance is only one of many factors involved in airway obstruction, and in the methods of measurement discussed it is easier to measure changes in the parts of the airways which are of least interest. However, it has been and is still a very useful measurement provided its limitations are recognized.
The theoretical basis of this paper is discussed in greater detail in the review paper of Mead (1961) to which readers might like to refer.
DISCUSSION
Dr C B McKerrow commented that the methods which Mrs McDermott had described varied in the type of breathing which was required, and asked if anybody had practical experience of the consequences. Dr J Mead said this was an important paradox, which had been solved by Dubois A B et al. (1956, J. clin. Invest. 35, 327) .
During an ordinary quiet expiration resistance of the upper airways went up appreciably and contributed a substantial fraction to the total resistance as measured by the forced oscillatory technique. So the paradox was that this spontaneous breath which many people, particularly on the Continent, liked to study, evoked an increase in upper airway resistance. The increase was largely avoided by use of voluntary panting when the upper airway resistance tended to decrease and become fixed. Dr Mead thought that such measurements were more satisfactory and less variable than those made during spontaneous breathing. Mrs McDermott said that to measure resistance it was necessary to minimize the elastic and inertial components. During panting the elastic term was decreased and the inertial term was small, so that by this manceuvre one got closer to the true resistance.
Current Concepts
Dr Michael Sudlow (Institute ofDiseases ofthe Chest, London SW3)
Physics of Gas Flow in the Lungs
The movement of gas in and out of the lungs through the bronchial tree results in energy dissipation and therefore a pressure gradient is necessary to maintain the motion. The pattern of gas flow will determine the amount of energy dissipation and hence the overall pressure drop and resistance to breathing as well as the distribution of that resistance within the airways.
Flow in long straight pipes is usually either laminar flow of the Poiseuille type (with an axisymmetric parabolic velocity profile) or turbulent flow, where there are random velocity fluctuations but the mean flow is again axisymmetric.
Studies using large scale symmetrical models of typical branches of the human bronchial tree and casts of human airways show that, in the lung, flow is not of these types. The results have been published in full elsewhere , Schroter & Sudlow 1969 and show that flow is disturbed downstream of a bifurcation by secondary motions. As a result, asymmetric velocity profiles are produced with high shear rates on the inner walls of the daughter tubes. These disturbances result in increased energy dissipation compared with Poiseuille flow. Consequently in the lungs pressure drop will be greater, for a given volume flow rate, than predicted by the Poiseuille equation:
AP=Qx128xpxL 7r x d4 where Q =volume flow rate, , =viscosity, L and d=length and diameter of the tube or branches.
The energy dissipation in these models was calculated from the velocity profiles; then by dimensional analysis a relationship between pressure drop and flow through the model was obtained (Pedley et al. 1970a ). This equation was applied to a symmetrical model of the lung (Weibel 1963) in order to predict pressure drop and distribution of resistance (Pedley et al. 1970b ). Using this model the overall pressure drop from trachea to alveolus, neglecting changes of kinetic energy, is given by: AP=VixKx(t.ixp)4 where K is a constant depending on airway geometry (and hence lung volume), , =viscosity of the gas in the airways, and p =density of gas in the airways.
Thus pressure/flow relations are nonlinear and resistance will depend upon flow rate. The predictions are in close agreement with measured values for lower airway resistance in normal subjects (Ferris et al. 1964 , Hyatt & Wilcox 1963 . Results also predict that the major site of lower airways resistance (below the larynx) is in the larger airways and that airways less than 1-5 mm in diameter contribute less than 10% to total AWR. These equations were developed for inspiratory flow and are not necessarily relevant to expiratory manceuvres. However, for situations where airway collapse does not occur, for example during quiet expiration, where lateral intrabronchial pressure exceeds pleural pressure, a similar relation to the second equation would be expected but the value of K would not necessarily be the same.
